The advent of Staphylococcus aureus strains that are resistant to virtually all antibiotics has increased the need for new antistaphylococcal agents. An example of such a potential therapeutic is lysostaphin, an enzyme that specifically cleaves the S. aureus peptidoglycan, thereby lysing the bacteria. Here we tracked over time the structural and physical dynamics of single S. aureus cells exposed to lysostaphin, using atomic force microscopy. Topographic images of native cells revealed a smooth surface morphology decorated with concentric rings attributed to newly formed peptidoglycan. Time-lapse images collected following addition of lysostaphin revealed major structural changes in the form of cell swelling, splitting of the septum, and creation of nanoscale perforations. Notably, treatment of the cells with lysostaphin was also found to decrease the bacterial spring constant and the cell wall stiffness, demonstrating that structural changes were correlated with major differences in cell wall nanomechanical properties. We interpret these modifications as resulting from the digestion of peptidoglycan by lysostaphin, eventually leading to the formation of osmotically fragile cells. This study provides new insight into the lytic activity of lysostaphin and offers promising prospects for the study of new antistaphylococcal agents.
The gram-positive bacterium Staphylococcus aureus is a versatile pathogen capable of causing a wide range of human diseases (23, 28) . Peptidoglycan, the major cell wall components of S. aureus, is known to be the target of important antibiotics (22, 39) . Among these, ␤-lactams (e.g., penicillins) exert their antimicrobial activity by interfering with the enzymes (penicillin binding proteins) specifically involved in peptidoglycan synthesis, while glycopeptides (e.g., vancomycin) bind with high affinity and specificity to peptidoglycan precursors, thereby preventing their incorporation into the bacterial cell wall (38) . Currently, there is a constant need for new antistaphylococcal drugs owing to the development of antibiotic-resistant strains (4, 38, 39 ). An example of such a novel drug is lysostaphin, an enzyme secreted by Staphylococcus simulans which specifically cleaves the peptidoglycan crosslinking pentaglycine bridges of S. aureus, thereby hydrolyzing the cell wall and lysing the bacteria (7, 27, 33) . Due to its unique specificity, lysostaphin could have high potential in the treatment of antibiotic-resistant staphylococcal infections (27) . For instance, lysostaphin, given alone or in combination with vancomycin, was shown to be more effective in the treatment of experimental methicillin-resistant S. aureus aortic valve endocarditis than vancomycin alone (9) . Lysostaphin was also reported to be effective in the treatment of eye infections caused by S. aureus (12) .
Knowledge of the molecular mechanisms underlying peptidoglycan digestion by lysostaphin is a key toward its efficient use in antistaphylococcal therapies. Early structural investigations using electron microscopy revealed that S. aureus cells exposed to lysostaphin showed perforations and more extensive damage, including the separation of walls from the plasma membranes and the disintegration of large sections of the walls (34) . As a consequence, most cells exposed to the enzyme were rendered osmotically fragile. Among these, cells that retain the capacity to revert to normal staphylococci were designated spheroplasts, as opposed to protoplasts, in which the whole cell wall was digested away. Although powerful, electron microscopy techniques are not suited for tracking dynamic, timedependent processes on single cells, and they cannot probe the cell wall mechanical properties.
Recently, atomic force microscopy (AFM) (20, 30) has provided new opportunities for studying microbial cell walls at the single-cell and single-molecule levels (14, 15) . The technique is particularly well-suited for visualizing the surfaces of single live cells while they grow (11, 31, 37) , yielding information on cell wall assembly and dynamics that cannot be obtained with traditional microscopies. For instance, Touhami et al. (37) were able to monitor cell growth and division events in S. aureus using AFM combined with thin-section transmission electron microscopy. Nanoscale holes were seen around the septal annulus at the onset of division and were attributed to cell wall structures possessing high autolytic activity. After cell separation, concentric rings were observed on the surface of the new cell wall and were suggested to reflect newly formed peptidoglycan. AFM can also be used to study the effect of drugs on microbial cell walls. In one such study, mycobacteria were observed prior to and after incubation with isoniazid, ethionamide, ethambutol, or streptomycin (1) . Upon drug treatment, major structural alterations were observed in the form of layered structures, striations, and porous morphologies, suggesting that they reflect the inhibition of the synthesis of three major cell wall constituents, i.e., mycolic acids, arabinans, and proteins.
Here, we used AFM to track the structural and physical dynamics of single S. aureus cells exposed to lysostaphin. AFM images show that the enzyme causes substantial swelling of the cells, favors splitting of the septum, and induces the creation of nanoscale perforations. Consistent with this, nanomechanical measurements demonstrate that these structural changes correlate with a major decrease of bacterial turgor pressure and cell wall stiffness, reflecting the formation of osmotically fragile cells.
MATERIALS AND METHODS
Bacterial strain and growth conditions. Staphylococcus aureus (methicillinsusceptible S. aureus strain ATCC 25923; American Type Culture Collection [ATCC], Manassas, VA) was grown in Mueller-Hinter broth (Becton Dickinson, France) to mid-exponential growth phase (optical density at 600 nm ϭ 0.6) at 37°C with continuous stirring. Cells were centrifuged (7,000 rpm for 10 min) and washed twice by resuspension in phosphate-buffered saline (PBS) and centrifugation.
AFM measurements. AFM images and force-distance curves were recorded in PBS solution (10 mM PBS, 150 mM NaCl, pH 7.4) at room temperature, using a Nanoscope IV multimode AFM (Veeco Metrology Group, Santa Barbara, CA). Cells were immobilized by mechanical trapping into porous polycarbonate membranes (Millipore) with a pore size similar to the bacterial cell size (13, 26) . After a concentrated cell suspension was filtered, the filter was gently rinsed with PBS, carefully cut (1 cm by 1 cm), and attached to a steel sample puck (Veeco Metrology Group) using a small piece of double-face adhesive tape, and the mounted sample was transferred into the AFM liquid cell while avoiding dewetting. The spring constants of the cantilevers were measured using the thermal noise method (Picoforce; Veeco Metrology Group), yielding a mean value of 0.0255 Ϯ 0.001 N/m. For lysostaphin experiments, PBS solutions containing 16 g/ml lysostaphin from S. simulans (Sigma, Belgium) were injected into the AFM liquid cell.
Mechanical properties were measured by recording arrays of 32-by-32 force curves, using a maximum applied force of 1.75 to 2 nN to avoid sample damage. The bacterial spring constant, k b , was determined from the slope of the linear portions of the curves for raw deflection (nm) versus piezo displacement (nm) (5):
, where k C is the spring constant of the cantilever and s the observed slope. The bacterial Young modulus was obtained by fitting the curves for force versus indentation using the Hertz model with a conical (tip)-plane (cell surface) geometry (24) :
where F is the force, ␦ is the indentation depth, E is the Young modulus, is the Poisson coefficient, and ␣ is the semi-top angle of the tip. This simple model is valid for elastic surfaces and does not take into account tip-surface adhesion. The latter assumption is reasonable since adhesion forces were negligible in the present study. The mathematical analysis was performed with an automatic Fortran Cϩϩ algorithm as described elsewhere (16, 17) .
RESULTS AND DISCUSSION
High-resolution imaging of S. aureus. Cells immobilized in porous membranes were imaged in buffer solution. A representative low-resolution deflection image of a single cell is shown in Fig. 1A . Due to the large curvature of the specimen, height images had fairly poor resolution while deflection images were much more sensitive to the surface relief. Using small imaging forces (ϳ100 pN), images of the same area were obtained repeatedly without detaching the cell or significantly altering the surface morphology. The cell, located at the center of the image, was surrounded by artifactual features resulting from the contact between the AFM tip and the pore edges. The cell surface was smooth and showed circular or concentric rings enclosing a central depression. The high-resolution height image recorded on top of the cell, shown in Fig. 1B , reveals that the rings were separated by 20 to 50 nm. These features are similar to those reported earlier by Touhami et al. (37) , who observed concentric rings on the newly formed cell walls of S. aureus cells but not on older regions of the cell walls. The ring structures are also reminiscent of the circular patterns seen by several groups using electron microscopy techniques (2, 3, 6, 21, 22) . We therefore conclude that the rings reflect structural features of the peptidoglycan strands found on the surface of the new wall after daughter cells have separated. As pointed out by Touhami et al. (37) , the concentricity of the rings implies that the peptidoglycan strands are themselves oriented in a similar fashion and are added or removed in an orderly manner. Note that a number of cells did not show any ring structures, presumably because their surfaces consisted of older cell wall material (Fig. 2, upper panels) . Lysostaphin induces major structural alterations. Peptidoglycan is an important component of the S. aureus cell wall, conferring strength and rigidity to the cell, allowing growth and division, maintaining cell shape, and protecting against osmotic lysis (8, 21) . In S. aureus and other gram-positive bacteria, where the external membrane is absent, the multilayered peptidoglycan represents the limit of the cell and therefore the site for exchanges and interactions with the outside environment (10). In particular, peptidoglycan is known to be an important target for antimicrobial compounds (35) , including lysostaphin, which hydrolyzes the pentapeptide cross-linkages (27) .
With this in mind, we used in situ AFM imaging to observe structural changes on single S. aureus cells exposed to lysostaphin. Figure 2 shows height and deflection images recorded for the same cell following incubation with 16 g/ml lysostaphin for 0, 80, 210, and 260 min. As can be seen in the vertical cross-sections, a significant increase in cell size was noted over the course of the experiment, with the cell height increasing by ϳ100 nm after 260 min. In agreement with early viability studies (25, 34) , we interpret such cell swelling as evidence for the formation of lysostaphin-induced osmotically fragile cells, resulting from peptidoglycan hydrolysis. Moreover, progressive alteration of the cell surface structure was clearly observed after lysostaphin addition. After 80 min, nanoscale perforations were seen, which were about 50 to 100 nm in diameter and 25 to 75 nm in depth (Fig. 2) . With time (e.g., after 260 min), these holes enlarged until they merged together to form larger perforations. These structures are reminiscent of the small depressions seen at the onset of division (37) and may reflect so-called murosomes (22) , i.e., regions of the cell wall having high autolytic activity. Interestingly, splitting of the septum was observed after 210 min (Fig. 2) . We note that these features, i.e., perforations and splitting of the septum, were never observed when cells were imaged in PBS in the absence of lysostaphin, even for prolonged periods of time (up to 240 min), confirming that they result from the lytic activity of the enzyme. It is also worth mentioning that protoplasts in which the cell wall had been completely digested could never be observed by AFM, most likely because they were immediately ruptured by the scanning tip. Besides localized surface modifications, we also found that lysostaphin increased the cell surface roughness (Fig. 3) . Power spectral density analysis of the fast Fourier transform of height images revealed that the root mean square roughness for native and treated cells increased with the length scale to reach a plateau after 200 nm. Notably, the roughness on 500-nm by 500-nm height images increased from 1.6 Ϯ 0.3 nm for untreated cells to 5.4 Ϯ 1.2 nm for cells treated for 200 min (Fig. 3) . These results are qualitatively consistent with earlier electron microscopy investigations (34) showing progressive disintegration of the cell wall and separation from the plasma membrane after exposure to lysostaphin.
Taken together, our AFM images demonstrate that incubation of S. aureus with lysostaphin causes substantial swelling of the cell body, favors splitting of the septum, induces nanoscale perforations, and increases the cell surface roughness. Presumably, these time-dependent cell wall modifications result from peptidoglycan digestion, eventually leading to the formation of osmotically fragile spheroplasts.
Lysostaphin alters the cell wall mechanical properties. In view of the role of peptidoglycan in providing rigidity and protection against osmotic lysis, we then addressed the pertinent question as to whether the observed structural changes were correlated with differences in cell wall mechanical properties. To this end, cells incubated with lysostaphin were probed using nanoindentation measurements (Fig. 4 and 5) . Figure 4A shows typical force-versus-piezo displacement curves obtained for the polymer support and for a single cell at increasing incubation times. Consistent with the work of Gaboriaud et al. (18) , the curves recorded on the cell surface showed two domains, i.e., a nonlinear domain at low loading forces followed by a linear one at high loading forces. From the shape of these curves, it can be seen that the cell wall was To provide quantitative information on the cell wall mechanical properties, two parameters were extracted from the force curves, i.e., the bacterial spring constant, which is related to the inner turgor pressure of the cell (5, 18, 19, 40) , and the Young modulus, which reflects cell surface elasticity (17, 18, 29, 36) . Bacterial spring constant values, k b , were determined from the slopes of the linear portions of the force-versus-piezo displacement curves (Fig. 4A) . The k b value of native cells was found to be 0.013 Ϯ 0.001 N/m (Fig. 4B) , which agrees reasonably well with values reported earlier for six Lactobacillus strains (0.016 to 0.053 N/m) (32). Our slightly lower values could be due to the higher ionic strength that we used or to differences in the cell wall organization. Notably, incubation with lysostaphin caused a progressive decrease of k b, from 0.013 Ϯ 0.001 N/m to 0.006 Ϯ 0.001 N/m after 100 min of exposure. This change may be attributed to a decrease of the inner turgor pressure of the cell (5, 18, 19, 40) , in agreement with the observed cell swelling (Fig. 2) and with the notion that lysostaphin generates osmotically fragile cells.
Next, we estimated Young modulus values by converting the force curves into force-indentation curves and analyzing them using the Hertz theory (Fig. 4C) . Figure 4D shows that within 100 min, the Young modulus of the cells decreased from 1,764 Ϯ 218 kPa to 189 Ϯ 49 kPa, demonstrating that lysostaphin induces a dramatic reduction of cell wall stiffness. This finding is fully consistent with the mode of action of the enzyme, which cleaves the peptidoglycan cross-linking pentaglycine bridges. Also of note is the comparison between the level of indentation and cell swelling: for a constant force of 1 nN, the difference in indentation depth (for native cells versus cells treated for 300 min) was ϳ100 nm, which is on the order of the height increase observed in the images (Fig. 2) . Finally, arrays of 32-by-32 force curves were recorded across the cell surface to map local variations of elasticity. As shown in Fig. 5 , elasticity maps on native and treated cells showed rather uniform contrasts, reflecting homogeneous distributions of elasticity. The homogeneously dark contrast observed after 80 min confirmed that the entire cell wall was softened upon treatment with the enzyme.
In conclusion, we have observed, for the first time in situ and on a nanoscale, the digestion of the S. aureus cell wall by lysostaphin, revealing that the enzyme causes substantial swelling of the cells and major alterations of their surface structure (septum splitting, nanoscale perforations, and increased roughness). Using force measurements, we also showed that these structural changes correlate with major differences in mechanical properties, i.e., with a decrease of bacterial turgor pressure and of cell wall stiffness. This study shows that AFM is a promising tool for exploring the organization and assembly of peptidoglycan and for investigating its interactions with enzymes and drugs. 
